Suborbital flights are a low-cost option for universities. To perform suborbital missions, it is necessary to design, plan, test, verify, and validate each and every one of the subsystems that integrate the payload without leaving the Earth. In Mexico, some experiments have been carried out since the 1990s to test communication systems in case of disaster and emergency. The Mexican Service Gondola (CSM) from 2015 to date has made suborbital flights in conjunction with the National Polytechnic Institute and the group of Protective Coatings Resistant to Thermal Changes and Cosmic Radiation (CRTCR) to test communication systems and glass-ceramic coatings. Suborbital flights are a great opportunity to explore the national territory and test new communication systems, structures, and materials.
Introduction
Every day, there are new advances in the space area, specifically in satellites. Each time it becomes more complex to access space, due to requirements, restrictions (mass, volume, structural, etc.), cost and regulations, integration tests, and orbit assignment. For this, suborbital flights have become a viable option for probes of nanosatellite systems [1] . A suborbital flight can exceed 100 km in height and will not orbit the earth; that is, it will not leave the Earth's atmosphere [2] . Therefore, suborbital flights are viable for testing various subsystems and segments that are composing picosatellite and nanosatellite systems [3] . A nanosatellite system is characterized by its mass (1-10 kg), and its geometry can be cubic (CubeSat) or cylindrical (TubeSat). It should be noted that these nanosatellites can be composed by units of 1 kg (1 U) up to 10 units (10 U) [4] . These characteristics allow you to adjust and perform specific experiments or test subsystems in a timely manner and recover the nanosatellite, only if it does not go into space [3] . In addition, one of the advantages of performing suborbital flights is that you have a wide range of launch platforms as rockets, UAVs, and stratospheric balloons to climb into the high atmosphere [5] . The stratospheric balloons are an affordable platform for uploading nanosatellites and allow measurements during the ascent (infrared and ultraviolet radiation, X-rays, gamma rays, photographic recognition, and video capture) [6] . It also allows testing deployable systems (parachutes) for recovery of payloads without major damage [3] . For all the above, in Mexico, suborbital flights have become an alternative for sensors, communication, attitude, electrical subsystems, new materials resistant to thermal changes and cosmic radiation, etc., and the most important thing is that the universities allow the formation of human resources in the space area.
Suborbital flight: a window into space
In terms of altitude, a suborbital flight is limited by the Kármán line, which is a line 100 km above sea level. The Fédération Aéronautique Internationale defines this limit because it is roughly the point where a vehicle flying fast enough to support itself with aerodynamic lift from the Earth's atmosphere would be flying faster than orbital speed [7] . The Kármán line covers the troposphere (until 20 km), the stratosphere (until 50 km), the mesosphere (until 85 km), and a little section of the thermosphere, which extends until 690 km. Figure 1 shows some physical properties of the atmosphere vs. altitude; this demonstrates that suborbital flight implies interesting conditions to implement scientific experiments [8] .
Perhaps, the most attractive characteristic of suborbital flight is its cost, which is very low in comparison with space flight. According to NASA, today, it costs $10,000 to put a pound of payload in Earth orbit [9] . However, it costs about $1000 per pound to make a suborbital mission and that includes launching, tracking, and recovering the payload.
Suborbital flight: historical panorama
Mexico has been entering the area of suborbital flights in the late 1990s. Since then, a group of amateur radio operators from the "Radio Club Satélite" has sent several high-altitude balloons for experimental communication projects such as TSAT-1, TSAT-2, TSAT-3, and TSAT-4 and RCS-V, RCS-VI, RCS-VII, and RCS-VIII completing two test flights and eight full flights over the past two decades. In generally, flights only the RCS-V gondola was lost. The rate at recovery is over 90% owing to the use of onboard GPS that was not available at the time of the RCS-V project. The payloads were typically a 40 m band 4 W transmitter, 2 m band 0.7 W transmitter, altimeter, two temperature sensors, and a flight computer (Figure 2 ) [10] .
In 2009, the CRAEG (Club de Radio Amateur del Estado de Guanajuato A.C.) launched their first project and one of the most complexes to date, SARSEM-ICARUS 1 (Mexican Aerostatic Subspace Repeater System). The objective of this project was to provide wide area communications in case of disaster or emergency for handheld and mobile VHF and UHF radios. The system carried a flight computer, a camera, temperature sensors, an onboard radio repeater, a dual GPS system, and a data communication system to download data and upload commands for controlling remotely specific subsystems. The gondola reached 28.8 km, had a radio coverage of 800 km, and was successfully recovered. In the following years (2010, 2011, 2013) , SARSEM II, SARSEM III, and SARSEM IV were improved and redesigned, reaching their nominal altitudes and coverage as expected ( Table 1 and Figure 3 ) [11] . 
Mexican missions: CSM
Following the achieved successes over the past two decades, the "Carga de Servicio Mexicana" (CSM) or Mexican Service Gondola was born in 2014. It should be mentioned that this project was initiated as a spin-off of the Pixqui payload which flew in a NASA gondola on August 2013 with the participation of the Engineering Faculty of the Institute of Engineering under Table 1 . Mexican suborbital missions [11] .
Space Flightthe leadership of the Institute of Nuclear Sciences of the National Autonomous University of Mexico (UNAM) [12] . The idea was to build a suborbital platform to promote aerospace technologies by means of stratospheric flights between the altitudes of 25 and 35 km to test electronic systems and detectors used in satellites. This project followed the need to increment the aerospace technologies following the creation of the Mexican Space Agency around 2010, merging the effort of the national academic and industrial sectors [13] . From the start, the participation of undergrad and graduate students was considered essential for the future development of the technology in Mexico. It should be noted that suborbital platforms provide a cheap and easy-to-handle test facility based on sounding stratospheric balloons, which have flight durations of the order of a few hours. They are useful tools to test in near-space conditions of various aerospace systems and subsystems. In 2015 and 2016, two suborbital flights were successfully carried out over the state of Guanajuato, Mexico. A first gondola of 2.5 kg was launched, the CSM-1 housed one of the subsystems of Ulises 2.0, a nanosatellite developed by the Unidad de Alta Tecnología (UAT) of the Faculty of Engineering of the UNAM. It reached an altitude of nearly 31 km monitoring the thermal behavior of the electronic payload in addition to the temperatures inside and outside the gondola. This first experience was achieved because of a successful collaboration between the Institute of Engineering, the Engineering Faculty of the UNAM, the company, Remtronic Telecomunicaciones, and the Amateur Radio Club of the state of Guanajuato (CRAEG). The second gondola, CSM-2, with a weight of 2.1 kg, was an improvement of the first version, CSM-1, which had a crude structural design. Indeed, during the first flight, the gondola reached a velocity of about 8 m/s at landing despite the use of a parachute. The force of the impact deformed the structure, but the payload did not suffer any damages thanks to a custom-designed floating structure holding the payload inside the gondola. However, it appeared necessary to improve the impact absorbers, and a new design was tested during the second flight. This second flight carried two payloads, a monitoring atmospheric electronic system (SADM-1) and an experiment to try out a ceramic coating for satellites [14, 15] . Indeed, the new design allowed lowering the overall mass of the gondola while ensuring a better absorption at impact. This flight reached an altitude of 34 km. The external temperature of the gondola reached −70°C over a flight duration of about 2 h. For this second flight, the original collaboration included a new member, the National Laboratory for Additive Manufacturing, 3D Digitization and Computed Tomography (MADiT) of the Center of Applied Sciences and Technological Development (CCADET) of the UNAM. MADiT has strong capabilities and experience in design and manufacturing by means of additive manufacturing technologies. This national laboratory collaborates in the development of the structure of the gondola.
Part of the development of the gondola, CSM, a series of studies covering mechanical and thermal aspects have been conducted to improve the reliability of the structure and to diminish the risks, mainly associated with cold temperatures (<−60°C) and impact at landing [16, 17] . Figure 4 shows a comparison between experimental and numerical values of the altitude of the balloon versus time of flight for both flights [17] . The development of space technologies requires the use of stratospheric balloons since they offer a cheap, near-space environmental platform to test electronic systems of any kind. For the Mexican team developing CSM, it is the belief that it can lead to a sustainable development of the aerospace sector in the country involving the academic, governmental, military, and industrial sector. The first step has been carried out in that direction, and the future goal is to lift greater mass of a few tens of kilograms to improve the service already provided by CSM.
On the other hand, in Mexico, they have been designing glass-ceramic coverings to protect satellite systems of cosmic radiation and thermal changes. Aerospace materials must be lightweight and resistant to structural stresses, as well as to conditions in space [18, 19] . In the manufacture of satellites, aluminum alloys maintain the leadership among lightweight and relatively low-cost structural metal materials, followed by alloys based on titanium [20, 21] for their low density and high resistance to corrosion.
Glass-ceramic coatings have proven to be a key technology in thermal stability and protection coatings in extreme environments such as aerospace gas turbines, which together with the engine operate at high temperatures (1370-1425°C) [22, 23] . So, the selection of materials for thermal barrier coatings is restricted by some basic requirements: (1) high melting point of the ceramics, (2) they must not present phase transformation between the ambient temperature and the operating temperature, (3) low thermal conductivity, (4) chemically inert in space environment, (5) the thermal expansion must be related to that of the metallic substrate, (6) good adhesion to the metallic substrate, and (7) low heating rate during the sintering process [24, 25] . The materials that can be used as glass-ceramic coatings is very limited; so far, only some materials have been found that meet these requirements [26] : aluminum oxide (Al 2 O 3 ), mullite (3Al 2 O 3 -2SiO 2 ), cordierite (2MgO-2Al 2 O 3 5SiO 2 ), zirconium oxide (ZrO 2 ), and zirconia stabilized with yttrium (ZrO 2 -Y 2 O 3 ). These coatings have been initially proposed for use as thermal control surfaces in aircraft because lightweight coatings with good adhesive properties can be obtained under thermal shock conditions [27] . This is why it could be considered that glass-ceramic coatings applied in satellite systems could resist ultraviolet, cosmic, and high-energy particles over a wide temperature range [28] .
Therefore, the team of Coatings Resistant to Thermal Changes and Cosmic Radiation (CRTCR) from Space Science and Technology Network (REDCyTE) has designed glass-ceramic coatings reinforced with nanometric ceramic particles of Al 2 O 3 , SiO 2 , and TiO 2 , to obtain a multilayer system that is highly reflective and thin and homogeneous through the sol-gel. Figure 6 shows images of scanning electron microscopy (SEM) in topography mode, in which the surfaces of the coatings are shown. In the same figure, SEM images are shown in chemical mapping mode in which the uniform dispersion of the ceramic nanoparticles immersed in the vitreous matrix is shown.
Challenges in medium and long term
In 2010, the Mexican Space Agency was born [29] . It followed a few decades of academic work and the need for an institution to formalize and federate projects toward the development of national space technologies. In 2015, a specific fund allocated to space technology was created by the government through the Federal Funding Agency (CONACYT) [30] . A few projects have been so far benefitting from this fund, and among them, one project dedicated to suborbital flights using stratospheric balloon was funded (ATON) [30] . Unfortunately, it was the only project funded to promote suborbital flights, and it is clear that more incentives are needed to allow the development of this sector in a near future and also to sustain the development of the space technologies in Mexico. In medium term, one can prospect for a need to increase the gondola size to provide services to larger payloads with greater mass. Typical light payloads range from less of a few kilograms to tens of kilograms. To lower the cost of flights and provide a service throughout the year, it is essential to be able to carry up to a ton if not a few hundreds of kilograms. At those masses, the risk associated with structural damages and health safety that such a gondola can create in semi-urban centers is too high. Therefore, flights over the oceans or the deserts, both available in Mexico, should be planned under the resources of the marine, air force, and the government for proper permits. It seems unlikely that flights over the jungle as one could plan in south of Mexico is realistic, due to the complexity to recover a gondola in a harsh, difficult-to-access environment with dense vegetation.
States such as Sonora, Chihuahua, and Durango for desert lands or Baja California, Sinaloa, and Veracruz for oceans can be explored as possible sites for launches. Additionally, specific
balloons of larger flight durations should be investigated and tried out in conjunctions with large masses of a few hundreds of kilograms to a ton.
Besides the practicability of the launch, tracking and recovery of the gondola, and the payload, it is important that the structure, which the gondola offers, houses onboard electronics and power services. The system should be able to monitor the environment and itself and to supply the payloads with the necessary power for their operation. Multidisciplinary teams of engineers in mechanics, aerospace technology, telecommunication, electrical and electronic systems, and aeronautics should be part of this effort, and likely a national center for aerospace technology can be the right place to gather those specialties. There is an important risk that allocating resources to small individual projects may not be fructuous on the long term and it may be sensible to lay out one or a couple of projects of national interest that can lead the effort with a sustainable funding.
Conclusions
Mexico has been involved into suborbital flights since the past two decades through amateur impulse. Lately, the academic sector has been starting to promote the use of stratospheric sounding balloons to provide the scientific and technological communities and inexpensive, easy-to-use facility to test their aerospace technologies. A few suborbital flights over the country have been carried out by different institutions with a large participation of students. Among the different projects, CSM is the only one involving mostly researchers and engineers from the academic and private sectors with the objective to professionalize this area of knowledge following the example of leading countries. This platform has provided two flights of 2-h duration for altitudes over 30 km to three clients. It is expected to provide yearly flights to future clients accommodating payloads of larger masses.
Overall, suborbital flights are the first step for Mexico to get involved in the aerospace development. Increasing funding, engineering schools, and national laboratories dedicated to aerospace studies and technological and scientific projects with the participation of the government, the military and the private sector is considered mandatory to achieve a significant contribution to the field in Latin America.
